From the evolution of the ancestral cells in two-dimensional soap froth, we find that the ancestral cell mean area ͗A an ͘ decreases and the mean number of edges ͗n an ͘ increases nonlinearly backwards in time. Unlike surviving cells, there is no sign of fixed point for the ancestral cells in our experiment. Also, the normalized mean area ͗A an (t)͘/͗A an (t f )͘ and mean number of edges ͗n an (t)͘ form scaling functions independent of t f Ͼt with the normalized mean area ͗A(t)͘/͗A(t f )͘ of the whole froth. These results agree with a dynamical simulation for two-dimensional soap froths.
Cellular structures such as metal grains and biological tissues are common in nature ͓1͔. Among these systems, soap froth is particularly interesting for the study of the evolution of patterns because of the simplicity and relative ease of its experimental setup ͓2-5͔. More importantly, the soap froth is a nonequilibrium system driven by gas diffusion that evolves to a universal scaling state widely observed in other nonequilibrium cellular systems. The topological properties of soap froths have now been well studied experimentally and good agreements with theories and simulations have been reported ͓5-8͔. However, the study of the dynamics has been limited despite the confirmation of the linear growth rate for the mean bubble area and the dynamical scaling laws ͓1,7,9͔. Currently, soap froths have again attracted much interest due to recent studies of surviving cells ͑survivors͒ ͓10-12͔ and first-passage exponent ͓13-15͔ in twodimensional soap froths. Studies of survivors have claimed the existence of a fixed point characterized by a stationary distribution of numbers of edges for the survivors ͓10-12͔. The existence of a fixed point for survivors is nonintuitive and deserves detailed confirmation ͓16͔. In this paper, instead of tracking the survivors, we measure the properties of ancestral cells ͑ancestors͒ of the bubbles taken at final time t f by following them backwards in time within the scaling state of the froth. We find that the normalized mean area and mean number of edges of the ancestors form scaling functions of the normalized mean area for the whole froth, independent of the final time t f . More importantly, the data do not seem to reach any fixed point as observed previously in the studies of survivors ͓10-12͔. We also have performed dynamical simulations for the two-dimensional soap froth and the results agree well with the experiment, suggesting that the fixed point may be reached only after a very long time if it exists at all.
We first clarify the difference between the survivors and ancestors. In previous studies ͓10-12͔, survivors were defined as bubbles chosen from an initial state in the scaling regime at time t 0 such that they survive until time tϾt 0 . As t is increased from t 0 to the final time t f , different bubbles will be chosen as the survivors but they are all subsets of the initial state. Thus, survivors are statics. Here, ancestors are defined as the predecessors of the bubbles at the final times t f and are chosen from states at various times tϽt f . At a particular time tϽt f , subset ͕S an (t,t f )͖ of the froths ͕S(t)͖ at t can be identified as the ancestors of the bubbles ͕S(t f )͖ belonging to the froth at t f . In general, the number of edges of these ancestors ͕S an (t,t f )͖ can be different from the bubbles PHYSICAL REVIEW E JUNE 1998 VOLUME 57, NUMBER 6 57 1063-651X/98/57͑6͒/7354͑4͒/$15.00 7354 © 1998 The American Physical Society in ͕S(t f )͖. The concept of ancestors can be generalized beyond the scaling regime to the theoretical regime with the origin of time defined by the extrapolation of the linear time dependence of mean area to zero area. Therefore, one can treat the ancestors as primordial bubbles that exist since the origin of time. The evolution of the ancestors thus maps out the history of the bubbles from primordial time, where there are infinitely many bubbles with vanishing area so that the total area corresponds to the area of the sample. The dynamics and topological properties of these ancestors are very different from those of the survivors which have no natural time origin, but have the natural end of time at tϭϱ. Our experimental setup has been reported recently in a study of the first-passage exponent of the unswept area in two-dimensional soap froths ͓15͔. The experiment started with about 20 000 bubbles and had about 6000 in the scaling state, determined by monitoring the stationarity of the distribution of the number of edges. The experiment lasted for one week, with 197 bubbles at the end. A high-resolution chargecoupled-device digital camera (1037ϫ1344 pixels͒ was used to capture images of the froth every 10 min during its evolution. The ancestors of the bubbles taken at a late stage of the froth were identified by following the bubbles frame by frame backwards in time. This was done automatically by a computer for most of the bubbles and manually for a few that could not be identified by the computer. Bubbles that wandered in and out of the image frame during the course of the evolution were also excluded. respectively. Here, we choose to use the mean area ͗A(t)͘ of the whole froth as the time scale, since ͗A(t)͘ has linear time dependence in the scaling state. Also shown in Fig. 2 are results obtained using t f ϭ92.76 h ͑open triangles͒ and t f ϭ 70.50 h ͑open squares͒ with 280 and 354 surviving bubbles, respectively. All data sets show similar behaviors with ͗A an (t)͘ decreasing and ͗n an (t)͘ increasing nonlinearly backwards in time. We find that both ͗A an (t)͘ and ͗n an (t)͘ form scaling functions as shown in Fig. 3 when rescaled. The normalized mean area of ancestors a an (t) ϭ͗A an (t)͘/͗A an (t f )͘ is plotted, in logarithmic scales, against the normalized mean area of the whole froth a(t) ϭ͗A(t)͘/͗A(t f )͘ for the three t f 's in Fig. 2͑a͒ . Data collapse is excellent. Good data collapse is also observed for the mean number of edges of the ancestors when plotted against the normalized mean area of the whole froth as shown in Fig.  3͑b͒ . It is seen in Fig. 3͑a͒ that a an (t) decreases more slowly backwards in time than a(t), resulting in a an (t)/a(t) larger than one for all times in the past. Furthermore, the dependence of a an (t) upon a(t) as shown in Fig. 3͑a͒ can be approximated by a power law for a long time into the past. The exponent for the power law is estimated to be 0.83 using the last portion of the longest data set. However, this value is expected to increase for longer data sets. It can be seen from Fig. 3͑b͒ that ͗n an (t)͘ increases from 6.0 at t f to 8.0 for the earliest time. Furthermore, it does not seem to reach a stationary value as one goes backward in time. This is supported by the distribution function of the number of edges for the ancestors f an (n) as shown in Fig. 4 for the images in Fig. 1 . It is clear that the distribution shifts continuously to higher n as one goes further into the past. The distribution at the earliest state is similar to previous results with survivors ͓10-12͔ except that ours has a narrower distribution range. The results indicate that only bubbles with many edges and large areas are likely to survive long.
We use a recent dynamical model to simulate the twodimensional soap froth ͓17͔. This model is quite efficient and has been shown to produce the correct dynamics for twodimensional froths ͓18͔. The simulation started with 5000 bubbles and was stopped when there were about 100 bubbles. The ancestors of the bubbles starting at different times t f were followed backwards in time in the scaling state to the earliest time with about 2000-3000 bubbles. Details of the simulation can be found in Refs. ͓17,18͔, and results will be reported in another paper on survivors ͓16͔.
The solid lines in Figs. 3͑a͒ and 3͑b͒ are, averaged over five runs from the simulation, the normalized mean area a an (t) and the mean number of edges ͗n an (t)͘ of the ancestors plotted as a function of the normalized mean area a(t) for the whole froth. The agreement with experimental results is excellent. A power-law fit for a an (t) versus a(t) gives an exponent of 0.91Ϯ0.02, slightly larger than that of the experiment, using data points with a(t) less than 0.1. It is also clear from Fig. 3͑b͒ that ͗n an (t)͘ still increases with decreasing a(t), indicating that the simulations have not reached the stationary fixed point as reported for the survivors. This is further supported by the continuous shifting of the distribution of n an (t) to higher n, similarly to the experimental results. The distribution for the earliest time from the simulation is shown as solid circles in Fig. 4 . The distribution has higher n values than the experiment but is slightly ''behind'' the previous simulation ͓11,12͔, due to the fact that the previous simulation had more bubbles and lasted longer.
From our data on ancestors, we find that there is a natural time scale for testing the existence of a fixed distribution f an (n), namely, the time at the infinite past should have a vanishing point ͗A(tϭϪϱ)͘ where the number of bubbles is infinite. Although experimentally this is not achievable, this time scale is well defined and a measure from this time scale is given by the value of ͗A(t)͘. A question concerning a fixed distribution at infinite past is whether there is, first of all, the existence of a finite value of n Ã such that it is the mean number of edges of the ancestors at infinite past. A second question is whether the variance of the ancestor distribution is finite or zero at infinite past. Our data indicates that the answer to the first question is likely to be negative. This is quite physical and intuitive, since the existence of a finite n Ã for the ancestors in the infinite past implies that there is a special topological reason in the dynamics of soap froth evolution that fixes such a finite value of n Ã , and this is quite unlikely because the fundamental dynamics is von Neumann's law ͓1͔, which has only one special topological class: nϭ6, fixed by the Euler theorem in two-dimensional Euclidean space. Since n Ã increases as we trace our ancestors backwards in time, the logical conclusion from our data is to say that n Ã ϭϱ. This is supported by a slightly negative exponent obtained for a power-law fit of ͗n an (t)͘ versus a(t) for both experiment and simulation. Now, n Ã ϭϱ corresponds to circular bubbles, implying that the only primordial ancestors that exist for all times are those with an infinite number of edges. The second question is more subtle, as it addresses the shape of the ancestor distribution. There are two scenarios: ͑1͒ the variance of the ancestor distribution decreases, but asymptotically to a finite value, or ͑2͒ the decreasing variance asymptotically vanishes. These two cases are difficult to test experimentally, but they correspond to two different possibilities with distinct physical implications. In the first case, the ancestor distributions are simply moving towards higher values of n as one goes further into the past, but the shape of the distribution as measured by the variance is preserved. In the second case, the ancestor distributions converge to a ␦ distribution. At this point, our data cannot distinguish these two cases, but certainly an answer will give us more insights into the evolution of soap froth. 
